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Introduction

| have been looking at ADC test data taken at BNL

* |report here on long-term data taken in March 2017
o ADC samples are read out for input voltage steps with sawtooth envelope

o 40M samples over 20s for each ADC channel
— approximately 10k samples for each ADC bin

 Datais from new P1 chips for protoDUNE

e Data conditions

o Cold (LN2)
— There is warm data for one chip

o 2 MHz sampling

o All data taken with external clock

o Single chip (D02) in board kept cold and powered
o 18 samples taken over 10 days
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Data taking

Data taken by the following team

* Hucheng Chen, Shanshan Gao, Jack Fried, Feng Liu (BNL)
* Damian Goeldi (Univ. of Bern)

Thanks to them to making this data available to me

Data format
e ADCsamples
* Input voltage ramp from —300 to 1700 mV at 200 mV/sec

* Datais approximately one period of sawtooth centered on the rise
o See plot on following page

 |see ADC get stuck at a value near 2000 after 20 sec
o See following example plot

o | keep only the first 19.8 sec of data for each sample
o Waveform plots show all samples then look OK
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Example waveform
201703b_D02_6b channel 4
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Data analysis

Data is analyzed as described in previous talks
* Also see appendix

First need input voltage
* This was provided by data takers for earlier samples
o Those were in CSV format with one rise starting at a specified voltage
 Here data is ADC only (channel number packed in high bits)
o Known waveform: sawtooth with 10 s rise/fall over (-300, 1700) mV
o But time offset is not specified
* | determine the min and max points from ADC data in two ways
o Data above or below a double threshold
o Midpoints between peaks in the ADC bin distributions
o Require these to agree with one another

* Assume the min and max found in this way correspond to the same
for the input voltage =» timing offset and period

* Preceding plot shows V., determined in this way
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Results

Performance plots are in appendix
18 samples for one chip
 Taken over 10 days

Comments

* Bulk response seems very consistent day-to-day
o Overall gain RMS is 3.6% (primarily channel-to-channel variation)
o Largest gain RMS for any one channel is 0.03%
o No bulk changes evident in residual spectra
* There is some change in the bad channels and tails
o Many the same day after day but some appear or disappear
o Biggest changes in channel 6—plots on following pages
o Many plots for all channels and times in appendix 2
 Work in progress to quantify these changes

o E.g. what are bad and tail fractions if we combine all samples or take the
worst of each?

o Effect of using the “wrong” sample to identify problems
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V., -(0.339 ADC + 7.04) [mV]
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Chip D02, time 2a
201703b_D02_2a channel 6
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Chip D02, time 3a

201703b_D02_3a channel 6
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V, - (0.339 ADC + 9.47) [mV]

Chip D02, time 3b
201703b_D02_3b channel 6
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Chip D02, time 4a

201703b_D02_4a channel 6
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Chip D02, time 4b
201703b_D02_4b channel 6
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Chip D02, time 5a
201703b_D02_5a channel 6
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Chip D02, time 5b

201703b_D02_5b channel 6
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Chip D02, time 6a

201703b_D02_6a channel 6
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Chip D02, time 6b

201703b_D02_6b channel 6
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Chip D02, time 7a
201703b_D02_7a channel 6
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Chip D02, time 8a

201703b_D02_8a channel 6
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Chip D02, time 8b

201703b_D02_8b channel 6
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Chip D02, time 8c

201703b_D02_8c channel 6
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Chip D02, time 9a

201703b_D02_9a channel 6
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Chip D02, time 9b

201703b_D02_9b channel 6
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How significant is time dependence?

| looked for channels which are sometimes bad
e |.e. RMS < 1.0 for some times and > 1.0 for others
* Table give % bins always good, always bad and varying for each

channel
Chan good bad vary Chan good bad vary
0 88.4 4.6 7.0 8 995 0.2 0.3
1 96.5 3.1 0.4 9 943 3.1 2.5
2 97.2 1.7 1.1 10 98.1 1.5 0.3
3 97.4 2.0 0.6 11 98.6 0.9 0.4
4 94.5 4.5 0.9 12 94.5 4.2 1.2
5 97.4 2.0 0.6 13 984 1.2 0.4
6 97.1 2.1 0.8 14 99.6 0.2 0.2
7 99.0 0.5 0.4 15 98.7 1.0 0.2
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Significance of time variation (cont.)

Significant fraction of bins show variation
* But these may have low sample population
* Or may be right on the threshold

* See plotsin appendix 3
o One example on following page

 More work needed to quantify behavior
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Comments/Conclusions

ADC does show some time dependence
* For chip in board, kept cold and powered
 Gainisvery stable
* Residual from linear calibration is also pretty stable
* But there are changes in bad channels (RMS) and tails day-to-day
o Probably want to look at multiple ramps to identify all bad/tail channels

Next

* Quantify changes in bad channels and tails
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Appendix 1

Analysis procedure is described on the following slides
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Data analysis 1: linear fit and residual

| process each channel separately

Initial data analysis
* Read samples from the provided file for the chip and channel
* Create 2D histograms of inverse response: V. vs. bin
o bin = ADC code and covers the range [0, 4095]
* | make a linear fit of the inverse response for each channel
o V., =gainx(ADC code) + offset
o Require 64 < ADC <4095
o And0<V, <1600 mV
* | then plot the linear-fit residual

o l.e. the difference between the measured V., and the linear-fit value for
each sample

* Examples for one channel follow
o March data for chip D04 channel 7
o Thisis a “good” channel
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Linear fit residual
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Linear fit residual zoomed
201703a_D04 channel 7
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Data analysis 2: calibration and resolution

From fit and residual, define ultimate calibration for each bin
* Mean of the residual plus the linear fit is the calibrated value
* |.e. alookup table for each channel with approximately 4000 entries
* May not be final calibration strategy but this is the best we can do

Ultimate resolution

* The spreadin V,, provides a measure of the uncertainty in the voltage
measurement for each bin

e Characterize this with the standard deviation, the RMS from the mean
* Typical example follows (again a “good” channel)

e Typically this is around 0.5 mV
o Naive expectation for perfect 12-bit ADCis 0.1 mV

* Following page shows the distribution for all chips
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Ultimate resolution for one channel
201703a_D04 channel 7 fit sigma
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Ultimate resolution for all chips
ADC bin resolution (65 < ADC < 4095)
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Data analysis 3: sticky bins
Sticky bins

 There are always a few (sometimes many) bins populated by a wide
range of input voltage
o Can be identified by poor resolution i.e. large RMS
o Often bins where LSB6 (lower six bits) are all 0 or all 1
o Often a double peak where one peak is in the expected place

e Distribution for March 2017 data shown on following slide
o 25 chips = 400 channels = 1.6M bins
* When resolution for a bin is too large, we can get better precision by
discarding that measurement and interpolating between neighboring
bins
* Plan to maintain a list of sticky bins for each channel so we know
which bins to discard
o Use the resolution (RMS from mean) to identify sticky bins

o Here define sticky as RMS > 1.0 mV
— This is equivalent to an input noise of 450 e for preamp gain 14 mV/fC
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Sticky bins: LSB6 distributions

ADC bad code distribution (512 < ADC < 4095, RMS > 1 mV)

Plots show LSB6 for bad bins
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Data analysis 4: ADC quality

Voltage response
 We evaluate ADC quality as a function of voltage
o No ADC channel covers the full range of interest (0, 1600) mV
* Evaluate three metrics: efficiency, resolution and tails
e All evaluated as functions of V,  in bins of 20 mV
* Results presented in “performance summary plots” (PSPs)

o Example plot for an ADC bin follows
o Not the bin used in earlier example plots—instead one with issues

ADC efficiency

* Define efficiency to be fraction of samples that land in good ADC bins

o For each range of input voltage
o Good means RMS(V, residual) < 1.0 mV
* Performance summary plots show efficiency vs. V. (blue histogram)
o Following example is the same “good” channel as in earlier plots
o Plots for all 76 chips in appendix
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Data analysis 4: ADC quality (2)

Resolution

* Resolution vs. V, is shown on the same plot (black markers)
o Evaluated as the RMS difference between the measured and true V. for
each sample in the voltage bin
— Measured V. is obtained by applying the calibration to the ADC count
o Horizontal bars indicate the mean of this RMS for each bin
o Error bars show the extent of the distribution of assigned uncertainties
— Using all ADC bins populated by the samples in the voltage bin

— Full range (earlier plots only showed central 80%)
— Assigned uncertainty for and ADC bin is RMS(V,, residual)

Tail fraction

* The tail fraction is also shown (filled red histogram)

o Fraction of samples in the voltage bin less than 5 mV from the true V,,
— Previously used 56 to define tail but this seems too tight
— Because uncertainty at input to ADCis 1.3 mV
» 600 e with a gain of 14 mV/fC
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Example performance summary plot
201703a_D20 channel 10 actual performance for RMS < 1 mV
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Appendix 2

Plots for all samples
* Each page shows all channels for sample taken near the same time

e All 18 time samples for many variables:
o Raw waveform and derived input voltage
o Residual from linear fit
o RMS from optimal calibration for each bin
— Note we cut at 1 mV to identify bad channels
o Tail fraction (RMS > 5 mV)

o Performance plots
— Efficiency (fraction of samples not bad)
— Resolution (RMS distribution of good samples)
— Tail fraction
— All'in bins of input voltage
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Waveforms
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Waveforms: chip D02, time 1a

201703b_D02_1a channel 0 binned waveform 201703b_DO02_1a channel 1 binned waveform 201703b_D02_1a channel 2 binned waveform 201703b_DO02_1a channel 3 binned waveform
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Waveforms: chip D02, time 2a

201703b_D02_2a channel 0 binned waveform 201703b_D02_2a channel 1 binned waveform 201703b_D02_2a channel 2 binned waveform 201703b_DO02_2a channel 3 binned waveform
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Waveforms: chip D02, time 3a

201703b_D02_3a channel 0 binned waveform 201703b_D02_3a channel 1 binned waveform 201703b_D02_3a channel 2 binned waveform 201703b_D02_3a channel 3 binned waveform
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Waveforms: chip D02, time 3b

201703b_D02_3b channel 0 binned waveform 201703b_D02_3b channel 1 binned waveform 201703b_D02_3b channel 2 binned waveform 201703b_D02_3b channel 3 binned waveform
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Waveforms: chip D02, time 4a

201703b_D02_4a channel 0 binned waveform 201703b_DO02_4a channel 1 binned waveform 201703b_D02_4a channel 2 binned waveform 201703b_DO02_4a channel 3 binned waveform
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Waveforms: chip D02, time 4b

201703b_D02_4b channel 0 binned waveform 201703b_D02_4b channel 1 binned waveform 201703b_D02_4b channel 2 binned waveform 201703b_D02_4b channel 3 binned waveform
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Waveforms: chip D02, time 5a

201703b_D02_5a channel 0 binned waveform 201703b_DO02_5a channel 1 binned waveform 201703b_D02_5a channel 2 binned waveform 201703b_D02_5a channel 3 binned waveform

£ ook EE TE
I 5 / N\
g 3500 g 2500 ]
/ Y / \ / A\ \
/ 5 awol g ol § ook
AN // AN // < //
E N __F EN — L ENL___/ N/
E N E E N N~
- 3 10 12 14 1 ~5005- 1 12 14 1 1 - 3 10 12 14 1 1 1 12 14 1 1
time [sec] time [sec] time [sec] time [sec]
201703b_D02_5a channel 4 binned waveform 201703b_D02_5a channel 5 binned waveform 201703b_D02_5a channel 6 binned waveform 201703b_DO02_5a channel 7 binned waveform
N\ 5ot /o N\ 5k /o N\ g [N
/ N\ / N\ / A\ S0k / N\
<LK 2 200K 250K
AN / / £\ /
LN N/ TN/ SN/
E N E E N E ~
- 3 10 12 14 1 ~5005- 1 12 14 1 1 - 3 10 12 14 1 1 3 1 12 14 1 1
time [sec] time [sec] time [sec] time [sec]
201703b_D02_5a channel 8 binned waveform 201703b_D02_5a channel 9 binned waveform 201703b_D02_5a channel 10 binned waveform 201703b_D02_5a channel 11 binned waveform
E ok _ EF _ g F
/T \ /N /T N\ /T \
/ \ / \ \ / \
8 200§ S ook g
250K 2POK 250K
/ N N /
N - N EN__/ EN_ L
N E E N E N~
- 10 12 14 1 ~5005- 1 12 14 1 1 - 3 10 12 14 1 1 3 1 12 14 1 1
time [sec] time [sec] time [sec] time [sec]
201703b_D02_5a channel 12 binned waveform 201703b_D02_5a channel 13 binned waveform 201703b_D02_5a channel 14 binned waveform 201703b_D02_5a channel 15 binned waveform
/N o / N\ . /N £
/ A\ / \ / \ fat
i S ok St
T N / "ot
N\ / E / g /
- 3 10 12 14 1 500: 1 12 14 1 1 - 3 10 12 14 1 1 3 1 12 14 1 1
time [sec] time [sec] time [sec] time [sec]

D. Adams, BNL BNL DUNE ADC performance : time dependence May 24, 2017 50



Waveforms: chip D02, time 5b

201703b_D02_5b channel 0 binned waveform 201703b_D02_5b channel 1 binned waveform 201703b_D02_5b channel 2 binned waveform 201703b_D02_5b channel 3 binned waveform
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Waveforms: chip D02, time 6a

201703b_D02_6a channel 0 binned waveform 201703b_DO02_6a channel 1 binned waveform 201703b_D02_6a channel 2 binned waveform 201703b_DO02_6a channel 3 binned waveform
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Waveforms: chip D02, time 6b

201703b_D02_6b channel 0 binned waveform 201703b_D02_6b channel 1 binned waveform 201703b_D02_6b channel 2 binned waveform 201703b_D02_6b channel 3 binned waveform
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Waveforms: chip D02, time 7a

201703b_D02_7a channel 0 binned waveform 201703b_D02_7a channel 1 binned waveform 201703b_D02_7a channel 2 binned waveform 201703b_DO02_7a channel 3 binned waveform
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Waveforms: chip D02, time 7b

201703b_D02_7b channel 0 binned waveform 201703b_D02_7b channel 1 binned waveform 201703b_D02_7b channel 2 binned waveform 201703b_D02_7b channel 3 binned waveform
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Waveforms: chip D02, time 8a
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Waveforms: chip D02, time 8b
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Waveforms: chip D02, time 8c
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Waveforms: chip D02, time 9a
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Waveforms: chip D02, time 9b

201703b_D02_9b channel 0 binned waveform 201703b_D02_9b channel 1 binned waveform 201703b_D02_9b channel 2 binned waveform 201703b_D02_9b channel 3 binned waveform
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Waveforms: chip D02, time 9¢
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Residuals
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Residuals: ch
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201703b_D02_3a channel 0

Residuals: ch
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Residuals: chip D02, time 3b
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201703b_D02_4a channel 0
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Residuals: ch
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201703b_D02_4b channel 0

Residuals: chip D02, time 4b
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201703b_D02_5a channel 0

Residuals: ch
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201703b_D02_5b channel 0

Residuals: chip D02, time 5b
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201703b_D02_6a channel 0

Residuals: ch
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201703b_D02_6b channel 0

Residuals: chip D02, time 6b
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201703b_D02_7a channel 0

Residuals: chip D02, time 7a
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201703b_D02_7b channel 0

Residuals: chip D02, time 7b
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201703b_D02_8a channel 0

Residuals: ch
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201703b_D02_8b channel 0

Residuals: chip D02, time 8b
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Bin RMS: chip D02, time 1a
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Bin RMS: chip D02, time 5b

201703b_D02_5b channel 0 fit sigma 201703b_D02_5b channel 1 fit sigma 201703b_D02_5b channel 2 fit sigma 201703b_D02_5b channel 3 fit sigma
g3 3 g3 z
5 1 5 1. 5 1 5 1.
g, 2. g, 2.
H H H H
r‘g 14 (‘: 1.4 r‘g 14 (‘: 1.4
g1 I LRE g1 LRE
5 3 5 i ‘ ] 3
d 4 | = ooty U i mm
08 o 0 o
0 MM i WM el L O T 11 el ] | AT
04+ | { 0.4 ”’rIh WW“MW] 04f mwm 0.4
0.2f 0.2 0.2H 0.
0 P L V4T o 1 111 ; | T | I | 11D AT ITTT
00 1000 1500 2000 2500 3000 3500 401 0 0 000 1500 2000 2500 000 3500 500 1000 1500 2000 2500 3000 3500 400 0 500 1000 1500 2000 2500 3000 3500 400(
201703b_D02_5b channel 4 fit sigma 201703b_D02_5b channel 5 fit sigma 201703b_D02_5b channel 6 fit sigma 201703b_D02_5b channel 7 fit sigma
g3 3 g3 z
5 1 5 1. 5 1 5 1.
g, 2. g, g,
3 3 3 3
:3 14 :E 14 :3 14 :E r4E
£ LRE £ S2f
5 5 i | 5 5 f \
> > > S F
o 1 | o. | el o | 08kt 1
il | | A1 .1 A T 0 . 0 YT
04 0.4 04 04
0.2 0.2F o 02f
H I | L | | £ | | L I | | | L | | | H | | L | L | L |
L LI I WBITL UL L AL LI L UL
0 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500 4000 0 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 400(
201703b_D02_5b channel 8 fit sigma 201703b_D02_5b channel 9 fit sigma 201703b_D02_5b channel 10 fit sigma 201703b_D02_5b channel 11 fit sigma
‘S 18f Rt g1 ‘s 18
£ 16f £ £y 2 1of
3 f 3 3 3 F
Eu; Eu Eu Eu;
512f] 84, 54 5 12F
5 A 3 5 5
W = ol Pl | | = ol = of ‘
0 (L el | N | e 1 I
oafs 0.4 04 MW
0.2H . 0. .
T 11N 1111 | T RLAL AL L LT T
500 1000 1500 2000 2500 3000 3500 400 500 100¢ 1500 2000 2500 3000 3500 400( 500 1000 1500 2000 2500 3000 3500 400 500 1000 1500 2000 2500 3000 3500 4000
201703b_D02_5b channel 12 fit sigma 201703b_D02_5b channel 13 fit sigma 201703b_D02_5b channel 14 fit sigma 201703b_D02_5b channel 15 fit sigma
g1 ‘518 ‘S 18f Rt
£y 2 1of £ 16f £
3 8 F 8 F 3
T4 B1af B1afy B 14
g £ F E: g
ﬁ 12 i 1. ; ﬁ 1 ; i 1.
T g ° ul ° ul °
Z oMl | ol | | % ool d |
. M \ i | | AT \ ; I
06 M' 08 06 08
Wi " “E’ o " I ! PSR A 1 o
o2 02f 02 o2f
E | | L | | | H L I | H | | | L | I | | H | | L | L | L |
LR UL LT
00 1500 2000 250! 3000 351 0 1500 2000 2500 3000 350 500 1000 1500 2000 2500 3000 3500 400 500 1000 1500 2000 2500 3000 3500 Al

D. Adams, BNL BNL DUNE ADC performance : time dependence May 24, 2017 89



Bin RMS: chip D02, time 6a
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Bin RMS: chip D02, time 6b
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Bin RMS: chip D02, time 7a
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Bin RMS: chip D02, time 7b
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201703b_D02_8a channel 0 fit sigma

Bin RMS: chip D02, time 8a

201703b_D02_8a channel 1 fit sigma
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Bin RMS: chip D02, time 8b
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Bin RMS: chip D02, time 8c
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201703b_D02_9a channel 0 fit sigma

Bin RMS: chip D02, time 9a

201703b_D02_9a channel 1 fit sigma

201703b_D02_9a channel 2 fit sigma

201703b_D02_9a channel 3 fit sigma
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Bin RMS: chip D02, time 9b
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Tails
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201703b_D02_1a channel 0 fit sigma tail

Tails: chip D02, time 1a
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201703b_D02_2a channel 0 fit sigma tail

Tails: chip D02, time 2a
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Tails: chip D02, time 3a
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Tails: chip D02, time 3b
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201703b_D02_4a channel 0 fit sigma tail

Tails: chip D02, time 4a
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Tails: chip D02, time 4
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Tails: chip D02, time 5a
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Tails: chip D02, time 5b
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Tails: chip D02, time 6
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201703b_D02_7a channel 0 fit sigma tail

Tails: chip D02, time 7a
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Tails: chip D02, time 7b
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201703b_D02_8b channel 0 fit sigma tail

Tails: chip D02, time 8
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201703b_D02_8c channel 0 fit sigma tail

Tails: chip
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201703b_D02_9a channel 0 fit sigma tail

Tails: chip D02, time 9a
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Tails: chip D02, time 9b
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: chip D02, time 2a
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Performance: chip D02, time 3a

nnel 0 actual performance for RMS < 1 mV.

03b_D02_3a channel 3 actual performance for RMS < 1 mV

nnel 2 actual performance for RMS < 1 mV.

03b_D02_3a channel 1 actual performance for RMS < 1 mV

—— < S —
—— — i i ———— i
— - z mm ] i = ] z — ]
————— - = - — -
QR e ——— e —

me— p— ¥ = 1 S 1 S —_ 1
= — 1 == 1
— g = : M ] g = ]

— 5 —_—
= L = : = : =
— — 3 1 3 1
= 3 : = : H : = H
— Wﬂ 8 8
. - = . =
= g == & _—— 1 2 = 1
—— — 3 — = —
L = ] == 2 = ] 2 = ]
ol g = El =G E o
=== N = - = — o == ]
—== 5 = - < b c ==
5 3 <5 1 3 5§ = |

58 = H = g g2 2 |lags = |

538 — s Z = g 5.8 £ 53 =

] = ] 2= — k] 2 = k] 28 i

Teg 8 ||5eE ] H &g g |88 E ]

I +m g ||1+m “% S ||1+m S ||1+m = —

] g ] ]
8 = 2 o= 2 = ]
| g E=—=11 8 —— 8 =
—= —_ == g ] L :
. i I8 [N PR R I8 . A I8 . A I8
< = < < < < < <
w =3 =3 =3 ' S =3 =3 ' w =3 =3 =3 ' =3 =3 '
[Aw] uonnjosas A “fouaioy [Aw] uonnjosas A “fouaioy [Aw] uonnjosas A “fouaioy [Aw] uonnjosas " “fousron3
uonoel |ie.
_— M
——— 1
—— e == t P = ] = —= ]
E e < et bl

_— = - e - — -

— g = . H = ¢ P — —
————— z — 1
=== z — Iﬂ g = g =

=3 ] 3 = | ! = H =

— £ —— £ = £ 1

= — £ —— b = 2
== 1 ] = 5 1
——= ] W = 4 — = i e )
= 1 == 3 = 3 = 4
e 4 g — g = 2 ==
e - H = s = H M‘ ]
= 1 T =—— B = 3 5§ 1

g = ] £ = I E = 2 |lggs = ]

g =l = =d g 5 |[e3d = ]

: = = H s ||gd: === —

- & & 1

1 I=————x it == g [T m & ||T+m ES ]
B = B B

i \Wu g g —_—
—= 8 8 —

—— —_— g —_— g =
—_—— Te———— s z
: = g = H =
. 18 . 18 2 . 18
= = = =
[Aw] uonnjosas " houstoyz [Aw] uonnjosas " houstoyz [Aw] uonnjosas " houstoyz [Aw] uonnjosas “ A *housiong
o1 e
° °g 2 2 °
o5
"E
o> R R
w —F = B ==
=M — i i
T - o J = —
— : == : = = z
QE|e——= ——= 1o E = ~———3 —ig £ =
v —_— ¥ —_— Kl
2 ] 2 = _— ] S — J—
= £ —— = E = ] z o ]
== : — 5 _— H = e
E] 5] K] e
m% 8 == 1= g _ —_— g = ]
= g = g —— ] g - —]
w i = M e £ — 1 m. —= .
H — W
= 1 = ] 1 Wﬂﬂ ] t =
= j— E = ] E — — 3 = ]
= g e —2 g . 8 E
= b4 i I s e 12 - =

N = 3 = ] = i 3 =

2 = ] s 5 | 2R3 = o 5 =

g s 28z s s e I —% 5 28z

H s |5z ] s |ge3 = E i ||5dz =

it = g |1+ = 1 M 1 o ||l m =

= o = R g = B g =
— g = — ] 8 —— 8 =
= —— —_— g ——
= ‘Mo g - >
. I8 A | I8 L I8 . N I8
3 < o] < <
' S =3 =3 =3 ' =3 =3 =3 ' w =3 '
[Aw] uonnjosas " A “houatoyz [Aw] uonnjosas A “fouaioy [Aw] uonnjosas " A “houaroyz [Aw] uonnjosas " “fousron3
onoey 2]
2 o
2s
"E
o> ;
i ~ = = i ]

_—— 2 = - > | = " z P == ]

e — g E — N E ==— = w b

— &R v —_— ] v i i — — M — ]

— — ] 2 M ] 2 e — — ] 2 —

——————— ﬂ” 1o g = E— g = ] 4 — _

S K] = K] = H == S

p—————— 1T 8 bl 8 1

1 8 = . g = g i = 1

= 1o m = ] m mx: £ — —

—= —]

— g = g 2 =

= — B 1° g = 1 g = g == 1

—_———— 3 = ] E] — = j

== 3 = 1 3 = m T 1
——— = = =

—_—— o R s = 1 ° ¢ = -

—_— =1 4 T e i ' 3 py 3 4

388 —_— ] m umm ] m 58 m 552 ]

B =] J8 3 ] g |lazé 5 |[53 8 J8

£35S g £35S 1 5 ([8F% £ 188 £ T

& & == ] Oes == ] 8 ||Gee s |[8eE = ]

== ] o [ —

| +m == 1o | +m = 4 o | +m o — 1o

= - = ==
S ===l R — ] p 5 == &
e ] 1 8 8 —
—— = - . i = | ===
—_—— = H : Jn
R 2 . L 2 . 18 PR P SR AR AR |-
3 M i g N i hd H g M 3 hd
H g N
[Aw] uonnjosas YA *houaroy3 [Aw] uonnjosas YA *houaroy3 [Aw] uonnjosas * A ‘Aouaroy3 [Aw] uonnjoses A housiomg

122

May 24, 2017

ADC performance : time dependence

BNL DUNE

D. Adams, BNL



D02, time 3b

ctual performance for RMS < 1 mV/

nel 2 actual performance for RMS < 1 mV.

1P
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Performance

ctual performance for RMS < 1 mV/

nel 0 actual performance for RMS < 1 mV.
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124

: chip D02, time 4a

Performance

201703b_D02_4a channel 3 actual performance for RMS < 1 mV/

nnel 2 actual performance for RMS < 1 mV.

201703b_D02_4a channel 1 actual performance for RMS < 1 mV/

nnel 0 actual performance for RMS < 1 mV.
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D02, time 5a

1P

chi

Performance

ctual performance for RMS < 1 mV/

nel 2 actual performance for RMS < 1 mV.

ctual performance for RMS < 1 mV/

nel 0 actual performance for RMS < 1 mV.
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03b_D02_5b channel 3 actual performance for RMS < 1 mV

nnel 2 actual performance for RMS < 1 mV.

: chip D02, time 5b

Performance

03b_D02_5b channel 1 actual performance for RMS < 1 mV

nnel 0 actual performance for RMS < 1 mV.
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: chip D02, time 6a

Performance

03b_D02_6a channel 3 actual performance for RMS < 1 mV

nnel 2 actual performance for RMS < 1 mV.

03b_D02_6a channel 1 actual performance for RMS < 1 mV

nnel 0 actual performance for RMS < 1 mV.
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03b_D02_6a channel 7 actual performance for RMS < 1 mV

03b_D02_6a channel 11 actual performance for RMS < 1 mV.

03b_D02_6a channel 15 actual performance for AMS < 1 mV.
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703b_D02_6b channel 3 actual performance for RMS < 1 mV/

nnel 2 actual performance for RMS < 1 mV.

: chip D02, time 6b

Performance

703b_D02_6b channel 1 actual performance for RMS < 1 mV/

nnel 0 actual performance for RMS < 1 mV.
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: chip D02, time 7a

Performance

03b_D02_7a channel 3 actual performance for RMS < 1 mV

nnel 2 actual performance for RMS < 1 mV.

annel 1 actual performance for RMS < 1 mV

nnel 0 actual performance for RMS < 1 mV.
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703b_D02_7b channel 3 actual performance for RMS < 1 mV/

nnel 2 actual performance for RMS < 1 mV.

: chip D02, time 7b

Performance

703b_D02_7b channel 1 actual performance for RMS < 1 mV/

nnel 0 actual performance for RMS < 1 mV.
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: chip D02, time 8a

Performance

703b_D02_8a channel 3 actual performance for RMS < 1 mV/

nnel 2 actual performance for RMS < 1 mV.

703b_D02_8a channel 1 actual performance for RMS < 1 mV/

nnel 0 actual performance for RMS < 1 mV.
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03b_D02_8b channel 3 actual performance for RMS < 1 mV

nnel 2 actual performance for RMS < 1 mV.

: chip D02, time 8b

Performance

03b_D02_8b channel 1 actual performance for RMS < 1 mV

nnel 0 actual performance for RMS < 1 mV.
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201703b_D02_8c channel 3 actual performance for RMS < 1 mV.
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D02, time 8c

703b_D02_8c channel 2 actual performance for RMS < 1 mV

703b_D02_8c channel 6 actual performance for RMS < 1 mV
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201703b_D02_8c channel 1 actual performance for RMS < 1 mV.
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Performance

703b_D02_8c channel 0 actual performance for RMS < 1 mV
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: chip D02, time 9a

Performance

03b_D02_9a channel 3 actual performance for RMS < 1 mV

nnel 2 actual performance for RMS < 1 mV.

03b_D02_9a channel 1 actual performance for RMS < 1 mV

nnel 0 actual performance for RMS < 1 mV.
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: chip D02, time 9b

Performance

03b_D02_9b channel 3 actual performance for RMS < 1 mV

nnel 2 actual performance for RMS < 1 mV.

03b_D02_9b channel 1 actual performance for RMS < 1 mV

nnel 0 actual performance for RMS < 1 mV.
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703b_D02_9c channel 2 actual performance for RMS < 1 mV

1P

chi

Performance

703b_D02_9c channel 3 actual performance for RMS < 1 mV.

703b_D02_9c channel 1 actual performance for RMS < 1 mV.

703_D02_9c channel 0 actual performance for RMS < 1 mV
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Appendix 3: Time variation

D. Adams, BNL BNL DUNE ADC performance : time dependence May 24, 2017 138



Time varying bins 1

Ultimate RMS for 201703b_0516 chip 2 channel 1 bin 59
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Ultimate RMS for 201703b_0516 chip 2 channel 1 bin 81

Time varying bins 2

Ultimate RMS for 201703b_0516 chip 2 channel 1 bin 82
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Time varying bins 3

Ultimate RMS for 201703b_0516 chip 2 channel 1 bin 83
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Time varying bins 4

Ultimate RMS for 201703b_0516 chip 2 channel 1 bin 109 Ultimate RMS for 201703b_0516 chip 2 channel 1 bin 110
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Time varying bins 5

Ultimate RMS for 201703b_0516 chip 2 channel 1 bin 111 Ultimate RMS for 201703b_0516 chip 2 channel 1 bin 112
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Time varying bins 6

Ultimate RMS for 201703b_0516 chip 2 channel 1 bin 199 Ultimate RMS for 2017030_0518 chip 2 channel 1 bin 1883

0g

0E

04

02

0...I...l...I...I...I...l.--l- 11 0lllllllllIlllllllllllllllllllllllll
5 4 ) e 10 12 14 16 12
Tima ndax Tima ndax

o
n
-
o

o
-
o
-
n
-
™
-
o
-
w
o
n

Sample count RMS for 201703b_0616 ¢hip 2 channal 1 bin 198 Sample count RMS for 201703b_0616 ¢hip 2 channal 1 bin 1983

Count
Count

Tl TR LT PP P PP PP PP PP PP PPPPPPPPPPPPPR 0" o s st

0% e e 0% e e

10 0 [l a1 aaCasia ol miale e (o ncele
1 L1 1l V—— 1 L1l I L1l 1l l L1 1l I 1 L1 1l 1 l L1 1l 1 L1 1l I L1l 1l l 1 L1l I L1l 1l l L1 1l I L1l 1 l L1 1l I Ll 1l l L1 1l
0 2 4 =) e 0 12 14 16 18 0 2 4 =) e 10 12 14 16 13

Tma ndax Tma ndax

D. Adams, BNL BNL DUNE ADC performance : time dependence May 24, 2017 144



BNS |mV)
®

0g

0E

04

0z

D. Adams, BNL

Time varying bins 7

Ultimate RMS for 2017036_0518 chip 2 channel 1 bin 3072
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Ultimate RMS for 2017036_0516 chip 2 channel 1bin 3138
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Time varying bins 8

Ultimate RMS for 2017036_0518 chip 2 channel 1 bin 3328
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Time varying bins 9

Ultimate RMS for 201703b_0516 chip 2 channel 2 bin 46
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Time varying bins 10

Ultimate RMS for 201703b_0516 chip 2 channel 2 bin 69
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Time varying bins 11

Ultimate RMS far 2017036_0518 chip 2 channel 2 bin 2137

Ultimate RMS for 2017036_0518 chip 2 channel 2 bin 2138
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Time varying bins 12

Ultimate RMS for 2017030_0518 chip 2 channel 2 bin 2200
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Ultimate RMS for 2017036_0518 chip 2 channel 2 bin 2284
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Time varying bins 13

Ultimate RMS for 2017036_0518 chip 2 channel 2 bin 2285
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Time varying bins 14

Ultimate RMS for 2017030_0518 chip 2 channel 2 bin 2458 Ultimate RMS for 2017036_0518 chip 2 channel 2 bin 2620

BNS |mV)

[ = Lo o b o b b o by oo by v o by v o by 3y [ = Lo o b o b b o by oo by v by v o by 3y
o 2 4 ) e 10 12 14 16 12 o 2 4 ) e 10 12 14 16 12
Tima ndax Tima ndax

Sample count RMS for 201703b_06186 ¢chip 2 channal 2 bin 2458 Sample count RMS for 201703b_06186 ¢chip 2 channal 2 bin 2520

1lllllllllIlllllllllllllllllllllllll 1

o 2 4 ) e 10 12 14 16 12 o 2 4 ) e 10 12 14 16 12
Tima ndax Tma ndax

D. Adams, BNL BNL DUNE ADC performance : time dependence May 24, 2017 152



Time varying bins 15

Ultimate RMS for 2017030_0518 chip 2 channel 2 bin 2660 Ultimate RMS for 2017030_0518 chip 2 channel 2 bin 2684
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Time varying bins 16

Ultimate RMS for 2017036_0518 chip 2 channel 2 bin 2824
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Time varying bins 17

Ultimate RMS for 2017036_0518 chip 2 channel 2 bin 3008 Ultimate RMS for 2017036_0518 chip 2 channel 2 bin 3368
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Time varying bins 18

Ultimate RMS for 2017036_0518 chip 2 channel 2 bin 3584
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Ultimate RMS for 2017036_0518 chip 2 channel 2 bin 3624

sl S ST SN N TN T U T U W U N U W TN T TN WY W (N WY TN W [N U ST SN NN WO ST SN Y WO OO
o 2 4 ) e 10 12 14 16 12
Tima ndax

Sample count RMS for 20170ab_0616 chip 2 channal 2 hin 3624

D P

] PP

0 2 4 = g 10 12 14 16 18
Tma ndax
May 24, 2017 156



Time varying bins 19

Ultimate RMS for 2017036_0518 chip 2 channel 2 bin 3688 Ultimate RMS far 2017036_0518 chip 2 channel 2 bin 3752
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Time varying bins 20

Ultimate RMS for 2017036_0518 chip 2 channel 2 bin 3775
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Ultimate RMS for 2017036_0518 chip 2 channel 2 bin 3778
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Time varying bins 21

Ultimate RMS for 201703b_0516 chip 2 channel 2 bin 72

Ultimate RMS for 201703b_0516 chip 2 channel 2 bin 71

2 4 ) e 10 12 14 16

12

Tma ndax

12 14 16 12
Tima ndax

ADC performance : time dependence

12 14 16 12
Tima ndax

May 24, 2017 159



BNS |mV)
®

Time varying bins 22

Ultimate RMS for 2017036_0518 chip 2 channel 2 bin 3818
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Ultimate RMS for 2017036_0518 chip 2 channel 2 bin 38684
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Time varying bins 23

Ultimate RMS for 2017030_0518 chip 2 channel 2 bin 3872
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Time varying bins 24

Ultimate RMS for 2017036_0518 chip 2 channel 2 bin 3838
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Ultimate RMS for 2017030_0518 chip 2 channel 2 bin 4032
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Time varying bins 25

Ultimate RMS for 201703b_0516 chip 2 channel 2 bin 73 Ultimate RMS for 201703b_0516 chip 2 channel 2 bin 128
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Time varying bins 26

Ultimate RMS for 201703b_0516 chip 2 channel 2 bin 129
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Time varying bins 27

Ultimate RMS for 2017035 _0516 chip 2 channel 2 bin 584 Ultimate RMS for 201703b_0516 chip 2 channel 2 bin 448
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Time varying bins 28

Ultimate RMS for 201703b_0516 chip 2 channel 2 bin 512 Ultimate RMS for 2017030_0518 chip 2 channel 2 bin 1792
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Time varying bins 29

Ultimate RMS for 2017036_0518 chip 2 channel 2 bin 1884

o 2 4 ) e 10 12 14 16 12

D. Adams, BNL

Sample count RMS for 20170ab_0616 chip 2 channal 2 hin 1984

o 2 4 ) e 10 12 14 16 12
Tima ndax

BNL DUNE

0g

0E

04

02

Ultimate RMS for 2017036_0518 chip 2 channel 2 bin 2008

o 2 4 ) e 10 12 14 16 12

Count

[y

1¢

1

ADC performance : time dependence

Tma ndax

Sample count RMS for 20170ab_0616 chip 2 channal 2 hin 2008

e L byov o by by oo by v by by by oy
o 2 4 ) e 10 12 14 16 12
Tima ndax

May 24, 2017 167



Ultimate RMS for 2017036_0516 chip 2 channel 2 bin 2009

Time varying bins 30

Ultimate RMS for 2017036_0516 chip 2 channel 2 bin 2048
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Time varying bins 31

Ultimate RMS for 2017036_0518 chip 2 channel 2 bin 2072
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Time varying bins 32

Ultimate RMS for 2017035_0516 chip 2 channel 3 bin 69
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Time varying bins 33

Ultimate RMS for 201703b_0516 chip 2 channel 3 bin 71 Ultimate RMS for 2017035 _0516 chip 2 channel 3 bin 72
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Time varying bins 34
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Time varying bins 35

Ultimate RMS for 2017036_0518 chip 2 channel 3 bin 3458
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Time varying bins 36

Ultimate RMS for 201703b_0516 chip 2 channel 3 bin 73
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Time varying bins 38

Ultimate RMS for 201703b_0516 chip 2 channel 3 bin 77 Ultimate RMS for 2017035 _0516 chip 2 channel 3 bin 78
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Time varying bins 39

Ultimate RMS for 2017035_0516 chip 2 channel 3 bin 79
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Time varying bins 40

Ultimate RMS for 201703b_0516 chip 2 channel 3 bin 127
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Time varying bins 41

Ultimate RMS for 201703b_0516 chip 2 channel 3 bin 131
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Time varying bins 42

Ultimate RMS for 201703b_0516 chip 2 channel 3 bin 133 Ultimate RMS for 201703b_0516 chip 2 channel 3 bin 181
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Time varying bins 43

Ultimate RMS for 201703b_0516 chip 2 channel 3 bin 182
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Time varying bins 44

Ultimate RMS for 201703b_0516 chip 2 channel 4 bin 28
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Time varying bins 45

Ultimate RMS for 201703b_0516 chip 2 channel 4 bin 30
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Time varying bins 47

Ultimate RMS for 2017036_0518 chip 2 channel 4 bin 1280 Ultimate RMS for 2017036_0516 chip 2 channel 4 bin 1344
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Time varying bins 48

Ultimate RMS for 2017036_0516 chip 2 channel 4 bin 1408 Ultimate RMS for 2017036_0516 chip 2 channel 4 bin 1538
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Time varying bins 49

Ultimate RMS for 2017036_0518 chip 2 channel 4 bin 1884 Ultimate RMS for 2017036_0518 chip 2 channel 4 bin 1728
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Time varying bins 50

Ultimate RMS for 2017036_0518 chip 2 channel 4 bin 2178

Ultimate RMS for 2017036_0518 chip 2 channel 4 bin 2048
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Time varying bins 51

Ultimata RMS for 2017036_0516 chip 2 channel 4 bin 2240 Ultimate RMS for 2017036_0516 chip 2 channel 4 bin 2268
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Time varying bins 52

Ultimate RMS for 2017030_0518 chip 2 channel 4 bin 2496 Ultimate RMS for 2017036_0518 chip 2 channel 4 bin 26680
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Time varying bins 53

Ultimate RMS for 201703b_0516 chip 2 channel 4 bin 3071
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Time varying bins 54

Ultimate RMS for 2017036_0516 chip 2 channel 4 bin 4094
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Time varying bins 55

Ultimate RMS for 201703b_0516 chip 2 channel 4 bin 106
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Time varying bins 56

Ultimate RMS for 201703b_0516 chip 2 channel 4 bin 108

Ultimate RMS for 201703b_0516 chip 2 channel 4 bin 109
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Time varying bins 57

Ultimate RMS for 201703b_0516 chip 2 channel 4 bin 110

Ultimate RMS for 201703b_0516 chip 2 channel 4 bin 111
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Time varying bins 58

Ultimate RMS for 201703b_0516 chip 2 channel 4 bin 112 Ultimate RMS for 201703b_0516 chip 2 channel 4 bin 155
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Time varying bins 59

Ultimate RMS for 201703b_0516 chip 2 channel 4 bin 156

TTTIrTrrrprrTyrrryrTryroryrTryTnT
| R i A A LR LR L

16 12
Tima ndax

ol |

0g

0E

04

02

Ultimate RMS for 201703b_0516 chip 2 channel 4 bin 283
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Time varying bins 60

Ultimate RMS for 201703b_0516 chip 2 channel 4 bin 330

Ultimate RMS for 201703b_0516 chip 2 channel 4 bin 328
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Time varying bins 61

Ultimate RMS for 2017030 _0516 chip 2 channel 4 bin 331 Ultimate RMS for 201703b_0516 chip 2 channel 4 bin 445
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Time varying bins 62

Ultimate RMS for 201703b_0516 chip 2 channel 4 bin 446
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